Abstract Little information is available on the degree of within-field variability of potential production of Tall wheatgrass (Thinopyrum ponticum) forage under unirrigated conditions. The aim of this study was to characterize the spatial variability of the accumulated biomass (AB) without nutritional limitations through vegetation indexes, and then use this information to determine potential management zones. A 27-×-27-m grid cell size was chosen and 84 biomass sampling areas (BSA), each 2 m 2 in size, were georeferenced. Nitrogen and phosphorus fertilizers were applied after an initial cut at 3 cm height. At 500°C day, the AB from each sampling area, was collected and evaluated. The spatial variability of AB was estimated more accurately using the Normalized Difference Vegetation Index (NDVI), calculated from LANDSAT 8 images obtained on 24 November 2014 (NDVI nov ) and 10 December 2014 (NDVI dec ) because the potential AB was highly associated with NDVI nov and NDVI dec (r 2 = 0.85 and 0.83, respectively). These models between the potential AB data and NDVI were evaluated by root mean squared error (RMSE) and relative root mean squared error (RRMSE). This last coefficient was 12 and 15 % for NDVI nov and NDVI dec , respectively. Potential AB and NDVI spatial correlation were quantified with semivariograms. The spatial dependence of AB was low. Six classes of NDVI were analyzed for comparison, and two management zones (MZ) were established with them. In order to evaluate if the NDVI method allows us to delimit MZ with different attainable yields, the AB estimated for these MZ were compared through an ANOVA test. The potential AB had significant differences among MZ. Based on these findings, it can be concluded that NDVI obtained from LANDSAT 8 images can be reliably used for creating MZ in soils under permanent pastures dominated by Tall wheatgrass.
spatial variability in agricultural production has increased markedly in recent years. The utilization of precision agriculture technology in pastures, however, is limited due to their heterogeneity. Further, if the pasture is being grazed, animals create specific spatial patterns of sward biomass that change over time, with considerable increase in the spatial heterogeneity (Schellberg et al. 2008) .
Several methods to describe forage yield variability have been developed. Among these, the direct cut method is the most frequently utilized (Frame 1993 ). This method is appropriate when the sample number is large enough to adequately convey the natural variability in the field. However, it is a destructive and timeconsuming technique (Flynn et al. 2008) . Other methods without these limitations include remote sensing, rising plate meter, and electronic capacitance probe (Paruelo et al. 2000; Sanderson et al. 2001; Serrano et al. 2010) .
Remote sensors provide spectral information that can be used to monitor grass production in a wide range of ecosystems because they provide a wide spatial and temporal coverage at a low cost (Paruelo et al. 2000) . Spectral information is combined in different arrangements to obtain vegetation indexes. The Normalized Difference Vegetation Index (NDVI) is a good estimator of productivity, and it is commonly used for this purpose (Rouse et al. 1974) . It has high correlation with leaf chlorophyll, green biomass, and leaf area index (LAI) (Zhang and Guo 2008; He et al. 2009; Trotter et al. 2010; Desseux et al. 2015) . However, in many cases, the estimation of pasture production with the NDVI is limited due to a curvilinear plateau and its saturation as pasture biomass increases (Frield et al. 1994) . Flynn et al. (2008) reported that NDVI could only be used when LAI is smaller than three or when the fraction of intercepted incident radiation is lower than 0.95. For this reason, alternative vegetation indexes have been developed and evaluated. Trotter et al. (2010) used the Soil Adjusted Vegetation Index (SAVI) to estimate biomass production of a perennial grass pasture. This index has the advantage of increasing the dynamic range of the vegetation signal while further minimizing the influence of soil as background information. As a result, it has greater sensitivity to the signal received from vegetation (Qi et al. 1994) . Another index is the Enhanced Vegetation Index (EVI), which uses an Boptimized^index designed to enhance the vegetation signal with improved sensitivity when biomass values are high (Wang and Li 2013) . Lastly, Gu et al. (2007) used the Normalized Difference Water Index (NDWI), which removes variations induced by the internal leaf structure and leaf dry matter and improves the accuracy in retrieving the vegetation water content (Wang and Li 2013) .
Previous studies of methods to estimate production variability in pastures with satellite images have not been made under optimum growth conditions, and hence, do not contemplate the potential productivity. However, the quantification of this parameter is essential to estimate the maximum possible yield achieved at any given edaphic and climatic condition (Lobell et al. 2009 ). This is specially the case of water availability, one of the most limiting resources in farming production (Rosegrant et al. 2002) .
In temperate regions, Tall wheatgrass (Thinopyrum ponticum) is one of the most important livestock forages because it is tolerant to saline and alkaline soils (Asay and Jensen 1996) . However, there are no reports on the prediction of its spatial variability using vegetative indexes obtained from medium resolution images captured by LANDSAT 8 satellite. In this study, a methodology for estimating the production variability of a Tall wheatgrass pasture, when growing unirrigated and under potential nutrient conditions during the spring was evaluated. The objective of this study was to assess whether spectral information can be used to delimitate environments with different potential productivities at paddock level, in order to improve pasture management practices (e.g., fertilization).
Material and methods
Experimental site, soil, and environmental characterization This study was conducted in the Balcarce district, located Southeast of the Buenos Aires Province, Argentina (37°4 5′ S; 58°18′ W; 930 mm mean annual rainfall; 13.7°C mean annual temperature) (Fig. 1) . The experiment was established in a 7-ha paddock cultivated with a permanent pasture dominated by Tall wheatgrass. The site is composed of various soil series: Chelforó (Typical Natraqualf), Las Armas (Typical Natraquoll), and Tandileofú series (Mollic Natraqualf) (Soil Survey Staff 2010). Meteorological data (rainfall and potential evapotranspiration) were obtained by a meteorological station 2000 m from the experimental site. The average historical rainfall and evapotranspiration, as well as those observed during the spring regrowth are presented in Fig. 2 . Rainfall during the regrowth period had an uneven distribution.
From the third 10-day period of October to the first of November, favorable hydric conditions were present because rainfall was higher than the average historical (Fig. 2) . By contrast, a pronounced stress took place during the final part of the experiment due to low rainfall and high evapotranspiration (Fig. 2 (Knight and Kvaran 2014) . The images used in this study had a path and row of 224 and 86, respectively (WRS-2). They were corrected atmospherically and clipped by the paddock contour using ARCGIS 10.2 software (Environmental System Research Institute (ESRI) 2014; Redlands, CA). The NDVI (Eq. 1) was calculated according to Rouse et al. (1974) . One limitation of this index is that it saturates when the LAI values are greater than three, thus three additional vegetation indexes were evaluated in the present work: SAVI (Huete 1988 ) (Eq. 2), EVI (Huete et al. 2002; Wang and Li 2013 ) (Eq. 3), and NDWI (Gu et al. 2007 ) (Eq. 4).
Accumulated biomass without nutritional limitations
The accumulated biomass (AB) was measured in a spring regrowth without nutritional limitations. The field was divided into a 27-×-27-m grid, resulting in 84 cells, and biomass sampling areas (BSA) of 2 m 2 were georeferenced in each cell. The pasture was cut at 3 cm height on 11 November 2014 to homogenize the initial biomass across the BSA. To avoid nutritional deficiencies, 250 kg ha −1 of nitrogen (N) and 30 kg ha −1 of phosphorous (P) were applied. The duration of the regrowth was 500°C day approximately (base temperature 4°C) (Borrajo and Alonso 2014) , which roughly coincides with the expected leaf life span (Agnusdei et al. 2001 ) and, accordingly, no significant sword losses through senescence were expected to occur during the experimental period (Agnusdei et al. 2010) . To measure the potential AB, a motor mower was used to cut the BSA on 16 December 2014. The harvested green forage (GF) was weighted immediately in the field. Subsamples were collected and taken to the laboratory where they were dried in an oven at 65°C until constant weight to calculate the dry matter percentage (%DM). The AB data was estimated from the GF and the %DM.
Data analysis
The relationship between the AB without nutritional limitations and the different indexes was studied by simple linear regressions using the routines included in SAS/STAT (SAS Institute Inc. 2007). The 30-×-30-m grid of the satellite images was used as a reference. When more than one BSA data was included in a pixel image, the values were averaged. Next, the potential AB and the different vegetation indexes data were reclassified in six ranges (Peralta et al. 2011) . Slopes and intercepts of linear regressions (potential AB vs. the index with the greater predictive capacity calculated from satellite images obtained on 24 November 2014 and potential AB vs. the index with the greater predictive capacity calculated from satellite images obtained on 10 December 2014) were compared using REG procedure included in SAS/STAT (SAS Institute Inc. 2007). The spatial variability of the potential AB and the index with the greater predictive capacity were analyzed by geostatistics (Isaaks and Srivastava 1989) . Experimental semivariograms were built for each variable and theoretical models were adjusted to describe their spatial structure using ArcGIS Geostatistical Analyst (ESRI, Redlands, CA, USA). The potential AB and the greater predictive capacity maps were realized using ArcGIS Geostatistical Analyst (ESRI, Redlands, CA, USA).
The estimated values of AB obtained by simple regression between the potential AB field data and the vegetation index with the greatest predictive capacity was compared with measured AB field data. Several indices can be used as a measurement of the prediction quality; the most common are the root mean squared error (RMSE) (Eq. 5) and the relative root mean squared error (RRMSE) (Eq. 6). The first indicator considers the differences between the 1:1 line and the regression line (observed vs. estimated values). The RMSE quantifies the prediction error of the model and the RRMSE evaluates the relationship between the RMSE and the observed mean for each variable.
Where P i are the estimated values, O i are observed values, n the number of BSA, and M is the mean value. A model is considered excellent when the RRMSE is less than 10 %, good if the values are between 10 and 20 %, acceptable between 20 and 30 % and poor if it is greater than 30 % (Jameison et al. 1991) .
The paddock was divided into two potential management zones (MZ) using the vegetation index with the best predictive capacity. The values and amplitude of this vegetation index were classified using the Geostatistical Analyst in ArcGIS 9.3.1 (ESRI, Redlands, CA). To evaluate this delimitation, the difference of the mean estimated AB was compared by an ANOVA, with the MZ as treatments and the six Balcarce Buenos Aires province Argentine 
Results
Relationship between the spectral indexes and AB
The relationships between AB without nutritional limitations and the different vegetation indexes are shown in Fig. 3 . The results show that high coefficients of determination were found independently of the satellite images used. For satellite images obtained on 24 November 2014, the regressions between potential AB and vegetation indexes were significant (Fig. 3) . The r 2 values were 0.85, 0.75, 0.58, and 0.82 for NDVI, SAVI, EVI, and NDWI, respectively. For the satellite images obtained on 10 December 2014, a close association between potential AB and vegetation indexes was found (Fig. 3) . The r 2 values were 0.83, 0.80, 0.82, and 0.81 for NDVI, SAVI, EVI, and NDWI, respectively. Therefore, the ability to predict AB was similar among the models based on the different indexes and dates (Fig. 3) . The model using NDVI as explanatory variable had, in some cases, a higher determination coefficient and significance (Fig. 3) . For that reason, it was selected as the index with better prediction capacity.
Spatial variability and structural analysis of AB and NDVI
The maps of spatial distribution of potential AB and NVDI for a spring regrowth can be seen in Fig. 4a, b . The coefficient of variation (CV) for the AB was 39.8 %, while the NDVI had less spatial variation (9.01 and 9.04 % for NDVI nov and NDVI dec respectively). Experimental semivariograms of AB growth without nutritional limitations, NDVI nov and NDVI dec were constructed to analyze their spatial autocorrelation (Fig. 5) . All semivariograms presented a pure nugget effect indicating a virtually random spatial distribution. NDVI semivariograms (Fig. 5a, b) presented a smaller semivariance at shorter distances, but the scale of this semivariance values were rather close to the satellite cell dimension (30 m) and because of that should not be considered as relevant. In conclusion, one can say that the spatial structure of AB and NDVI data are rather equal and because of that there is a high possibility of using NDVI as an AB estimator if NDVI has any significant correlation with AB.
Correlation between NDVI and AB and model accuracy assessment
The relationship between potential AB and the vegetation index with the greatest predictive capacity is shown in Fig. 3a . The classes of NDVI and potential AB had a direct, linear, and significant relationship on the dates studied. The correlation coefficient was 0.85 and 0.83 for NDVI nov and NDVI dec , respectively. The resulting regression lines of both dates were coincident; the slopes and intercepts did not differ significantly (P = 0.62 and 0.71, respectively). For this reason, both data sets were pooled, and the following regression model was obtained (Fig. 6 ):
The estimated potential AB was obtained using the regression model described in Fig. 6 and Eq. 7. The relationship between the estimated and measured values of AB was significant (P < 0.05) in both cases, when it was estimated from NDVI nov and from NDVI dec (Fig. 7a, b, respectively) . Also, in the two cases, the intercepts were not different of 0 and the slopes were not different of 1 (P > 0.05). The RSME of the models was 514 and 419 kg AB ha −1 for NDVI nov and NDVI dec , respectively. Also, the RRSME was 14.8 and 12.3 % for predictions using NDVI nov and NDVI dec , respectively.
Delineation of potential management zones
Uniform management of fields does not take into account the spatial variability; therefore, it is not the most effective management strategy (Moral et al. 2010) . To facilitate field management and, in turn, improve nutrient management, the paddock was divided into only two MZ (Fig. 8) , namely a low potential zone (LPZ) and a high potential zone (HPZ). The MZ were delimited using NVDI dec as it had the lowest RRSME (Fig. 7b) .
In order to evaluate if the NDVI method allows us to delimit MZ with different attainable yields, the AB estimated for these MZ were compared. As a result, AB in the HPZ (4110 kg DM ha −1 ) was significantly (P < 0.05) higher than in the LPZ (3315 kg DM ha −1 ) (Fig. 8) .
Discussion
Nitrogen availability is a major growth-limiting factor for pastures in temperate regions (Whitehead 1995) . In these areas, when P is not a limiting factor, the growth rate of pastures during spring can be triplicated with the application of 150 kg N ha −1 (Agnusdei et al. 2010 ).
However, the response obtained with N fertilizers depends on water availability (Andrade et al. 2002; Errecart et al. 2014) . The water supply changes spatially at paddock level because it is associated with the edaphic and topographic properties (Pachepsky et al. 2001; McCutcheon et al. 2006) . That is why in this study the measured potential AB had a strong variation, ranging between 1500 and 5200 kg of DM ha −1 . The observed lack of spatial autocorrelation between the AB could be explained by the high spatial heterogeneity of the edaphic properties of the soils of the study area (Cicore et al. 2015) . This increases the spatial variability of the pasture productivity over short distances. The estimation of AB variability based on sward samples can be complex, since it implies extrapolating data for areas that are not directly sampled. Therefore, the use of satellite ) of Tall wheatgrass pasture growing without nutritional limitations during the 2014 spring regrowth and the recorded NDVI obtained from LANDSAT 8 images images that encompass the whole paddock surface area are a promising alternative to establish the spatial variability of AB (Porter et al. 2014) .
A high association was observed between the estimated NVDI from satellite images and the potential AB (Fig. 3a) . The NDVI nov and NDVI dec determination coefficients (84 and 83 %, respectively) were higher than the ones reported by Dusseux et al. (2015) (30 %) and similar to the values reported by Porter et al. (2014) . Nevertheless, these studies did not estimate the potential production variability under unirrigated conditions. The wide range of results found in the literature is due to the variability between pastures (Schellberg et al. 2008) .
The RSME obtained with NDVI nov and NDVI dec were similar to those reported in the literature, using other nondestructive methods for estimating pasture variability. . It should be noted that the abovementioned studies did not optimize the soil nutritional conditions, because they were performed under routine farming conditions.
The RRSME values obtained in this work indicate that the generated model ( Fig. 6 ; Eq. 7) can be classified as good (Jameison et al. 1991) . Therefore, the estimated values of NDVI obtained from satellite images is a good predictor of the variability of the AB of Tall wheatgrass grown without nutritional limitations. Accordingly, this allows the delimitation of differential MZ (Koch et al. 2004) .
Identification of two MZ is the first stage in the implementation of precision farming (Moral et al. 2010) . Therefore, the paddock was divided in LPZ and HPZ (Fig. 8) to facilitate management. These MZs have different productive potentials (Fig. 8) due to great soil variability (Cicore et al. 2015; Vásquez et al. 2001 ), which in turn affects the water availability for the plants (Cosby et al. 1984) .
Practical implications
A reasonable correspondence between N supply and crop N demand is required in order to ensure high efficiency in the use of this nutrient. Therefore, in Southeast of the Buenos Aires Province, N applications in late spring (October-November) are not recommended because the existing soil N content meets the forages demand and the fertilization use efficiency will be low (Agnusdei et al. 2010) .
For this reason, N applications are recommended in spring or end of autumn (Agnusdei et al. 2010) . In this work, it was shown that the AB of the tall wheatgrass pasture was higher in the HPZ than in the LPZ, because water availability was higher in the former, while the availability of nutrients was appropriate in both cases. Therefore, the MZ that should be fertilized in spring is the HPZ because it is less subject to water restrictions.
On the other hand, in the LPZ, N fertilization should be carried out at the end of autumn since there would be less chance of ponding and this facilitates fertilization and grazing. Also, it is easier to have a response to N fertilization because of its low availability in the soil (Echeverría and Bergonzi 1995) . This allows the anticipation of pasture production in a critical period (winter) for the regional cattle systems (Mazzanti et al. 1997) .
Conclusions
With the advances in remote sensing and use of variable application rate systems, the study of within-field spatial variability in agricultural production has increased markedly in recent years. In temperate regions, Tall wheatgrass (T. ponticum) is one of the most important livestock forages because it is tolerant to saline and alkaline soils. However, little information is available on the degree of within-field variability of potential production of this forage. The objective of this study was to assess whether vegetative indexes obtained from medium resolution images captured by LANDSAT 8 satellite can be used to delimitate environments with different potential productivities at paddock level.
The geostatistical analyses determined that there is no spatial structure in accumulated biomass productivity. Therefore, the direct cut method is not representative or would require a more intensive sampling (time and work consuming) to increase its sensibility. Besides, NDVI also presents no spatial structure. Thus, this index could be useful to estimate biomass productivity of Tall wheatgrass pasture.
It was shown that it is possible to estimate the variability of Tall wheatgrass pasture through vegetation indexes. Potential accumulated biomass was highly associated with NDVI nov and NDVI dec (r 2 = 0.85 and 0.83, respectively). The correlations between the potential accumulated biomass data and NDVI are good because relative root mean squared error was 12 and 15 % for NDVI nov and NDVI dec , respectively. Therefore, the NDVI has the potential to delimit potential management zones, a methodology that is conducive to increased pasture productivity through a more efficient spatiotemporal application of nutrients. The paddock was divided into two potential management zones using this index. This work shows that the potential accumulated biomass of the tall wheatgrass pasture was higher in the high potential zone than in the low potential zone, because water availability was higher in the former, while the availability of nutrients was appropriate in both cases.
Nitrogen is the most limiting nutrient for pasture production in Argentinean pampas and its efficient use is important for the economic sustainability of extensive livestock production systems. Therefore, the high potential zone should be fertilized with this nutrient in spring because it is less subject to water restrictions. On the other hand, in the low potential zone, Nitrogen fertilization should be carried out at the end of autumn since there would be less chance of ponding and this facilitates fertilization and grazing. Also, it is easier to have a response to Nitrogen fertilization because of its low availability in the soil.
On the other hand, this work is the first step in developing algorithms for prediction of Nitrogen application rates for Tall wheatgrass pasture in environments of different potential at paddock level and also opens new perspectives for other works that would allow delimitation of environments in function of other nutrients.
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